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capacitors at poles having equal polarity and tends to constrain the system limiting possible frequencies of resonance. 



FOkTHEPDRFOSESOFfNFORMATlONONLY 

Codes used to identify States party to the PCT on the front pages of pamphlets publishing International 
applications under the PCX. 



AT 


Attttrftt 


FR 


Fxzinctt 


MR 


Maurtlnnia 


AU 


AusUoTm 


Ck 


• Gabon 


MW 


Malawi 


B& 


Barbados 


CB 


United Kingdom 


NL 


Netherlands 


BE 


Bclgtum 


GN 


Guinea 


NO 


Norway 


BF 


Burkina Fa^o 


GR. 


Greece 


NZ 


New Zealand 


BC 


Bulgaria 


HU 


Hungvxy 


Ft 


Poland 


BJ 


Benin 


IB 


Ireland 


PT 


Portugal 


Bit 


Branl 


rr 


Italy 


RQ 


Romania 


CA 


Qinada 


JP 


Japail- 


RU 


Russian Federation 


CF 


Uentra) African Republic 


KP 


Democmlic HcopIe*b Republic 


SD 


Sudan 


CC 






of Korea 


SB 


Sweden 


CH 


Switzerland 


KR 


Republic of Korea 


SK 


Slovak Republic 


CI 


Cote d*[voirc 




Kaj^khstan 


SK 


Senegal 


CM. 


Camcrouit 


u 


Uechteoslein 


SU 


Soviet tJnion 


CS 


tVuchosIovakia ^ 


IK 


Sri f jnka 


TD 


crfiad 


CZ 


CVixft- Republic - 


W 


loixcmbourg 


TC • 


Togo 


OE 


Ucrmany 


MC 


Munaco 


UA 


Ukraine 


DK 


Denmark 


MG 


Madagascar 


US • 


United States or America 


£S 


Spain 


Ml. 


Mall 


VN 


Viet Nam 


Fl 


Finland ' 


MN 


Mongolia 







wo 93/23909 



-1- 



PCr/NZ93/00032 



A PRIMARY INDUCTIVE PATHWAY 



10 



TECHNICAL FIELD OF THE INVENTION 

This invention relates to power distribution systems, particularly those using inductive 
15 power transfer from high frequency resonant currents within the primary conductors, 
and more particularly to modular resonant magnetic field emitter units, 

BACKGROUND 

20 Long-standing problems exist in the conventional transfer of electric power to self- 
powered moving vehicles. Those having a sliding brush rubbmg along a fixed cunent- 
carrying conductive rail exhibit wear, dust production, intermittent loss of electrical 
contact, sparking, and electric shock hazards. Vehicles lacking the guidance of weight- 
bearing rails are particularly prone to wander away from a defined route and are then 

25 likely to lose electrical contact with a supply conductor. 

Inductive power distribution systems overcome many of the problems by using the 
alternating magnetic field surrounding a fixed primary conductor to induce current in a 
secondary conductor at some distance from the primary conductor, thereby avoiding 
30 direct contact They are particularly suited to providing motive power. 

The use of high-frequency resonating currents within primary and secondary 
conductors has greaUy improved the efficiency of inductive power distribution, and 
recent developments in semiconductor technology have permitted the application of 
35 improved inductive power systems as have been described by Boys & Green in WO 
92/17929) 
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Resonant inductive power transfer systems been hampered by the difficulty of driving 
long tracks with sufficient power. Although a track of a given length can be supplied 
with more power shnply by using higher voltages, reasonable safety requirements may 
5 be exceeded, and the ratings of pxesendy available electronic components used in the 

power supply vM generally be exceeded with output voltages above 600V * 

. A further drawback of such systems is the risks to health understood to be caused by 
strong magnetic fields radiated by current-carrying conductors; risks that have resulted 
10 in stringent field strength guidelines being adopted. Delivery of realistic amounts of 
energy for niotive power purposes is usually likely to breach these restrictions. 

OBJECT 

15 It is an object of the present invention to go some way towards providing an improved 
and-safer inductive power transportation system, or at least to provide the public with a 
useM choice. 

STATEMENT OF INVENTION 

20 

In on aspect the invention provides a primary inductive pathway for a resonant 
inductive power distribution system, said pathway being comprised of at least two 
primary conductor modules,, each having a resonant ftequency compatible with a 
system resonant frequency, each said primary conductor inodule having a loop 

25 configuration and being characterised in that each module comprises at least one 
conductor capable of connection to adjoiiung conductors within adjacent modules so 
that a number of modules can be joined together to form a longer pathway, said 
conductor including at least one resonating capacitor in series; the loop being 
comprised of said at least one conductor mounted in a parallel, spaced-apart 

30 configuration. 

Other aspects of the invention are set out in more detail in the claims. 3 
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DRAWINGS 

The following is a description of preferred fonns of the invention, given by way of 
5 example only, with reference to the accompanying diagrams. 

EgJ.: is an illustration showing a prior-art conductor for an energised track. 

£ig^: is a circuit diagram of a lumped-component equivalent to a shorted track 

10 ending. 

Viz 3y is a circuit diagram comparable to Fig 2; realised with track components 
(for a distributed inductance) and discrete capacitances. 

15 Fips 3b and 3c describe methods for capacitor voltage rating reduction. 

BsJSd: is a drcuit diagram of a closed resonant drcuit of two inductors and two 
capacitors, having a zero-inductance cable joining nodes of the same 
phase and amplitude. 

20 

fiig.3e: is a circuit diagram of a resonant circuit of two inductors and two 
capacitors, having a zero-inductance cable joining nodes of the same 
phase and amplitude, and adapted to form a series-connected module of 
a resonant primary pathway. 

25 

£ig4g: is a circuit diagram illustrating a series of modules each comprising two 
discrete capacitances with distributed inductance within unit lengths of 
track conductors, to lengthen a track. 

30 Eig4b: is a circuit diagram illustrating a series of modules each comprising one, 
alternated, discrete capacitance together with distributed straight-wire 
inductance within unit lengths of tracJc conductors, to lengthen a track. 

Bg 4c: is a cbxuit diagram illustrating a series of modules each comprising two 
55 discrete capacitances with distributed inductance within unit lengths of 

track conductors, and individual lengths of zero-inductance cable, used 
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. to lengthen a track while lestdcdng possible modes of oscillation. 

is a drcuit diagram illustrating a series of modules each comprising two 
discrete capacitances with distributed inductance within unit lengths of 
track conductors, and a single length of zero-inductance cable, used to 
lengthen atrack while restricting possible modes of oscillation. 

illustrates the electrical components comprising a single module and 
includmg a zero-inductance cabfe as for Fig 3e. 

illustrates a section through the primary conductors and the substrate 
(conveyer style) 

illustrates a section through the primary conductors embedded in a 
substrate such as a floor. 

illustrates the interconnection at the beginning and end of a looped 
ynmaxy conductor; 

is a section through a pair of toroidal cores surrounding a pair of 
conductors, used to compensate the resonant frequency of non-standard 
lengths of track by simulating non-existent lengtiis. 

illustrates a rail mounting cross section (6a), in which a 
conducting sheath serves to shield an underlying iron fishplate and 
ntinimise eddy currents within it 

illustrates the mounting of Fig 6a in plan view. 

illustrates a branching rail or conveys network having a single power 
supply and means to carry and control energy from the first-energised 
primary to branch conductors or powered ctevices like lifts. 

a circuit diagram showing an induction line, and a signal coil positioned 
in close proximity to the track. 
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Fig9 : is En illustration of one method (shorting switches) for providing power 

to selected segnients of an automaticaUy-gmded veMcle tra^ 

5 ISg lO: is an illustration of another method (multiple power supplies) for 
providing power to selected segments of an automatically-guided vehicle 
trade 

PREFERRED EMBODIMENTS - INTRODUCTION 

10 

The inductive-power installations on which these embodiments are based comprise at 
least one primary conductor, but preferably a loop of two parallel conductors laid along 
a defined route. The primary conductors, which carry a substantial alternating current at 
a high frequency are preferably made of litz wire having a total surface area capable of 
15 handling the current levels involved. 

The preferred operating frequency is generally in the region of from 10 to 50 KHz, 
particularly reflecting limitations of the solid-state switches available - and also 
limitations imposed by conductor losses and radiated power, though the principles may 

20 be applicable to a much wider range of frequencies, such as from 50 Hz to 1 MHz. With 
higher frequencies the amount of ferromagnetic core material required in some cases 
becomes much smaller. Preferred embodiments have been built with operating 
frequencies of the order of 10 KHz and available power levels of 150W and 500W, the 
latter supplied at 600V and capable of energising a 200 metre length of track. TVpical 

25 power supply output for large yet practical supplies is of the order of 600V AC, and 
typical circulating resonant currents are of the order of 70A. 

Preferably the primary circuit is a resonant circuit, so that the circulating current tends 
to approximate a sine wave and is then substantially free of harmonics (thus 

30 minimising electromagnetic radiation and losses). The power supply needs only to 
maintain a circulating current but not generate or switch the total current Inductive 
electric power transfer from the primary conductor(s) reaches across a void and enters 
into one or more secondary pickup coils, optionally with the aid of flux concentrating 
materials, and subsequent electric power utilization is generally but not always direct; 

35 without storage. Generally the secondary or pickup conductors will comprise resonant 
circuits as well. 
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A prior-art installatioii (Fig 1) may comprise at least one preferably resonant primary 
eireuit 102^ In most cases the primary conductors run uninterruptedly along the 
designated path or track 108 taken by vehicles 107, although intermittent availability of 

5 inductive pow^ (e.g. at declared bus stops) and intennediate energy storage within the 
vehicle is an alternative* A switching power supply 103 at the left of Rg 1-comprises an 
inductor 105 effectively providing a constant current from a voltage source, a split 
inductor 104 to feed power to either solid-state switch 106^ (inductors 105 and 104 both 
having a high reactance at the operating frequency)^ a resonant circuit comprising the 

10 inductor and primary conductor 102 and the resonating capacitor 101. Usually, the 
switches are driven in a complementary mode by a zero-crossing sensor so that their 
action will reinforce the oscillating current detected within the resonant primary 
conductor 102. Note that the primary circulating current does not pass through the 
switches - only the "topping-up" current does. Contral and protection means is not 

15 shownhCTB, but generally opaates by varying or iittemipting the input voltage. 

The track may be comprised of an exposed structure such as a railway track, conveyer 
track or monorail (Fig 4f or Fig 7), or it may be an invisible path delineated by the field 
emanating from one or more conductors concealed within a roadway or floor (Figs 4g, 
20 9, and 10). 

Even larger installations may be constructed by scaling up the power-handling 
electronicsr and the number of vehicles or the motor, and motor drive circuitry on each, 
without departing from the novel concepts described here. Given a real voltage limit, 
25 long tracks may preferably be divided into sections; each fed froin one of a number of 
separate power supplies. Some options for this are illustrated^ in Figs 9 and 10. 

PREFERRED EMBODIMENT 1 - lengthening the drivable track 

30 Current practice in the field of resonant inductively powered loops to which these 
improvements are addressed genially consists of providing resonant power supplies in 
conjunction with single conducting loops. Typical Q values under load are about 2 or 3. 
Preferably a module of track (as detailed later) is about 10 to 100 metres long, 
lypically, module capacitors are about 1.6 microfarads, and typical inductances are 

35 about 3 microhenries per metre of track. 
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The distributed self-inductanc& of this loop is commonly used as the inductance of the 
resonant circuit energised by the resonant power supply placed at one end of the loop. 
It has been found difficult to force sufficient power into overly long purely inductive 
5 primary loops, given that present semiconductor ratings -and safety considerations - 
limit the voltage available to about 600Y 

This preferred embodiment makes use of transmission line theory and in particular uses 
pi-coupling principles. This embodiment allows increases of the line lengtii at the cost 
10 of a relatively small investment in capacitors. 

An explanation of this principle (as shown in the Figures) is as follows. 

Fig 1 shows the prior-art track dicuit condition. The final track circuit as in Fig 4a, is 
15 developed as follows from tiie simple closed loop shown in Fig 1. The simple closed 
loop of Fig 1, inherendy having distributed inductance associated witix its straight wire 
conductors, is functionally equivalent to the series resonant circuit as shown in Fig. 2, 
(a discrete inductance 201 in series with a capacitance 202), resonating at the operating 
frequency. Given that it is already common practice in such installations to use die 
20 distributed inductance of the conductors as the resonant inductance, it is then possible 
in principle to replace the short-circuit at the end of the loop with a series capacitance 
313 and the inductance 312 of a further length of line (again, short-circuited at its far 
end) as shown in Fig 3b. 

25 Preferably the series capacitance is placed as shown in Fig 3c in series with both sides 
of the conductor loop as separate units 323, 324 each of capacitance 2C in order to 
maintain symmetry, and also to halve the working voltage requirement of the 
capacitors. Preferably the added capacitance and inductance are chosen to be together 
resonant at the system operating frequency. This condition is illustrated in Fig 3a, 

30 where the box 303 represents a power supply for switching current alternately into 
either end of 301, the resonant capacitor. At approximately the position where the track 
would have been terminated by a short circuit, a pair of resonating capacitors 304 of 
value 2C have been inserted, followed by a second, substantially equal length of track 
302, 

35 

Figs 3b and 3c illustrate a preferred method for achieving a lower voltage across the 
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series capacitances. In Hg 3b, the resonant capacitor within the primaiy supply is 3 10; 
the voltage across it drives the track (in part indicated by the inductances 311 and 312) 
and substantiaUy the sanie drive voltage is found across the far capacitor 3 13. If two 
5 series capacitors (323 and324) are usedas indicated in Fig 3c, only half the initial drive 
voltage i^ placed across each one. Pig 3c is analogous to Fig 3a, except that the 
distributed track inductance is explicitly drawn as the inductors 321, 322 each of value 

l; 

10 Jt will be dear that this piocess of adding an open loop of conductor having a capacitor 
in series with each &ee end may be repeated a number of times, as shown in Fig 4a, 
(where supply 403 feeds power across a resonating capacitor 401 and then down an 
extended line 401 insened in which are pairs of series capacitors 404, 405, 406, and 
407X imtii such time as other losses (radiative, eddy-currehts in adjacent structuies etc, 

15 or normal use) diminish the power available below a usable leveL 

The use of added lengths of relatively long track each having a substanrially fixed 
intrinsic inductance, capacitance^ and hence a substantially preset resonant fiequency 
is convenient £com amanufactoringpoint of view because track may be suppHed in p 

20 tuned modules for lustration at any site. Each module (e.g. 460 in Fig 4e) comprises a 
mounting system and a pair of conductors 461, 462 which are capable of radiating a 
magnetic field Each conductor has a series capacitor - 463 with 461, or 464 with 462 - 
placed at some standard posirioh along the conductor for the sake of modularity. 
Terminations 465, 466; 467, 468 are provided for electrical connection with adjoining 

25 modules (e.g. 461). The connectors shown here are simple tenninating lugs preferably 
of aluminium for bolting together (bolt; 429) though other suitable types of connecu>r 
may be used. 

^The substrate that would usually be provided as an assembly together with the electrical 
30 components of each module is shown in Fig 4f as 445 -a standoff, supporting 442, a 
conductor/sheath assembly comprising insulatmg container 443 about a sheathed litz 
wire 444. A spacing web (448) may be supplied as a disposable part of each module to 
maintain optimal separation between conductor 442 and conductor 44L The support 
beam 446, 447: may or may not be supplied as part of a module, and the spacing web 
35 may be discarded after installation. 
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In the case of the floor version of the module for guiding and powering automatically 
guided vehicles, for instance, as shown in section 470 in Fig 4g, a similar spacing web 
to 448 may be used to determine conductor (473, 474) spacing and parallel placement 
5 (as when modules are buried in concrete 472, when the spacing web may be buried with 
it) or shallow trenches may be cut in parallel using a diamond saw or an equivalent in 
existing floors and later filled in above the conductors with filler (475, 476). 

Some methods for energising modules may allow the use of several turns of cable in a 
10 Self-contained loop, as shown in Figs 9 and 10, and hence a section of floor as Fig 4g 
would then show several turns of cable. 

Ideally the example modules of Fig 4a-4e are to be supplied as factory-assembled 
modules having a closely similar resonant frequency ready for installation. Jn the likely 

15 event of a short length terminating a track) the rise in resonant frequency may be 
compensated for using slitted ferrite toroidal sheaths 510, 503 placed around the 
primaiy conductors 502, 504 as shown in Fig 5; each toioid of the prefened size being 
equivatent in inductance to a metxe of track. Each toroid (501, 503) is slitted to provide 
an airgap and reduce saturation. A mounting plate is shown as 505. Alternatively, and 

20 especially if the capacitance is already comprised of a number of individual unit 
capacitors in series or in parallel, the number of capacitors used at any point in the 
circuit may be altered in order to maintain matching. 

PREFERRED EMBODIMENT 2 - Minimising aberrant resonant mode losses 

25 

This embodiment assumes the existence of a substantially electrically symmetrical pair 
of primary conductors, although its purpose is to correct for minor degrees of static or 
dynamic asymmetry. 

30 One problem with systems such as that of Fig 3c, or the individual modules of track as 
shown in Fig 4a as 400, is that the presence of more than one inductor and more than 
one capacitor withm a loop can allow the system to have more than one functional state, 
or more than one preferred frequency of resonance, which tends to cause instability. 
Such a system often resonates at an undesined frequency incompatible witii the intended 

35 resonant finequendes of secondary coils or other modules. 
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Suiprisingly, it has been found that a "zero-inductance" cable comprising a pair of 
conductors f6d in opposing directions can be run beside the primary conductors over 
long distances, joiningpoints of equal or similar phase and magnitude polari^ by the 
5 discrete capacitors, effectively placing them in parallel and thereby restricting the 
possible modes of oscillation or resonance. This arrangement 330 is shown in Fig 3d, 
where the outer rectangle, containing alternate capacitors 334, 336 and inductors 332, 
333, comesponds to the circuit of Hg 3c, 

10 A zero-inductance cable may be defined as a cable of indefinite length comprising a 
preferably symmetrical pair of conductors, one of which carries current of substandally 
equal magnitude but Opposite phase to the current in the other conductor, with the pair 
of conductors sharing as far as possible a common magnetic field space so that the field 
developed by one conductor tends to cancel out the field developed by the other 

15 conductor. Pracdbalfomis of cable include: 

Lengdis of litz whe in which approximately half the conductors are dedicated to 
connecting one or the otherpair of points^ 

Multi-conductor insulated cables of the type used for telephone trunk cabling, 
which have the advaintage of being colour-coded into two well-mixed but 
recognisable groups^ or 

Paired insulated conductor cables of the types used as domestic power or 
lighting flex, such as "Trurip". Alternatively, coaxial cables wherein an outer 
sheath carries one sense of cuirent while the iimer conductor carries current in 
the o&er sense may be used, although these are not synmietrical cables. 

In addition a length of zero-inductance cable 347 is provided. One conductor joins 
point 339 to point 339'; the other joins 338 to 338\ As tiiese pairs of points are of 
similar polarity and magnitude, a small current only passes through the zero-inductance 
30 cable- (Its magnitode is a function of the closeness of the matching of the components 
in the loop» like an error current It also reflects asymmetry of the inductive loading on 
the primary conductors.) 

Preferably pairs of capacitors will be selected for closeness of matching at the time of 
35 assembly of modules, so that the current flowing in the zero-inductance cable is 
minimised, for it comprises anon-usable drain on the available resonant current for 



20 



25 
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inductive power transfer. 

As the circuit of Fig 3c is a closed loop, the circuit of this invention has to be slightly 
5 modiHed for use in modules (e.g* 400) comprising parts of an elongated primary 
pathway, such as that shown in Fig 4a. A preferred modification is illustrated as a 
circuit diagram in Fig 3e, where the module 340 comprises two sets of the basic length 
of conductor 345, 347 (having inductance) plus a discrete capacitor 348, 349 together 
with interconnections through the zero-inductance cable 347, Connectors 341, 342, 
10 343, and 344 are for electrical connection to adjacent modules. 

The use of added lengths of relatively long track each having a substantially fixed 
intrinsic inductance, capacitance, and hence a substantially preset resonant frequency 
is convenient fiom a n^anufacturing point of view because track may be supplied in pre- 

75 tuned modules for installation at any site. Consider an installation comprising a series 
of modules driven fi^om one end by a generator of resonating current 401. Each module 
(e.g. 400 in Fig 4a or 419 in Fig 4b) comprises a mounting system for, and a pair of 
conductors which are capable of radiating a magnetic field and hence have an intrinsic 
inductance* Each conductor has a series capacitor - 404, 404, 405, 405, or 406, 406 etc 

20 - placed at some standard position along the conductor for the sake of modularity. 
Terminations are provided for electrical connection with adjoining modules. 

Fig 4b simply shows a variant of the above in which each module 419 comprises one 
capacitor-less conductor and synunetry is to be maintained by alternating the capacitor- 
25 containing conductors to lie in one line or the other. 

Fig 4c incorporates the zero-inductance cable 431 within one module 430 of a series 
forming a primary resonant circuit 429. In Fig 4c, one conductor of the cable 431 joins 
the node 432 with the node 433 of substantially the same phase and amplitude, while 
30 the equal-but-opposite current in the other conductor of the cable is derived from 
making a connection between nodes 434 and 435. Because the added cable 431 
functionally approximates a zero inductance, the capacitors 436 and 437 can be tied 
together by a cable having substantially the same length as the inductive cables 438 
and 439 yet having a smaller inductance tiian 438 or 439. 

35 

Fig 4d illustrates another preferred configuration for a primary inductive pathway 450, 
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in which a single zero^inductance cable 452 joins between the primary resonant 
capacitor454 and the far-end capacitor 45Sv skipping a number of series-capacitor 
modules like 453. Thus the capacitors at each end of the resonant pathway 450 are 
5 effectively one capacitor, in an electrical sense^ and thus the system is constrained to a 
reduced number of possible resonant ficequencies. 

Fig 4h illustrates the special case 480 wherein the track accompanying a primary 
conductor 48 1, 482 forms a closed loop. & illustrates a short length of zero-inductance 
10 cable 488 - or even crossed-over connections - joining circuit notes 486 and 487 across 
a terminadng capacitor 48^ and the point of switching supply introduction 485 and 483. 
It should be noted that switching power supplies 483 of this invention include a 
resonating capacitor - as shown for example in Fig IQ as 1014 or 1024 or 1034. 

IS 

PREFERRED EMBODIMENT 3 - Mhiimising induced-field losses 

Losses in adjacent ferromagnetic structures detract from the maximum path length, 
waste energy, and may induce hazardous currents or temperatures. Figure 6a, 6b 

20 illustrate a rail mounting in plan view (6b> and cross section (6a). Conductors 603 are 
mounted on aluminium I-beams 609. The rail mounting 609 preferably comprises an 
extruded beam having a genial I-secdon configuration with an enlarged head 607 and 
foot 608 section for structural strength. Abutting sections of the rail mounting beams 
609 against 609* are joined by a steel fish plate 602 which is covered and protected 

25 fiom alternating magnetip fields by an alununium plate 601, fastened with bolts 610. 
Someof thealtematingmagneticfieldradiatedby the primary conductors 603 running 
inside their insulating ducts 605 and supponed by the I-beam of aluminium 607 
comprising the conveyer rail 609 may be dissipated as eddy currents, and more 
particularly as hysteiesis, in conductive ferromagnetic ^.e. iron or steel) items (e.g. fish 

30 plate 602) lying within the field. As f^magnetic items tend to concentrate fiux lines 
they enhance this eSect 

It has been found that die application of a conductive cover or sheath 601, formed fiom 
(for example) 3 mm thick aluminium sheet - although copper or other conductors may 
35 be used - over such items has the effect of protecting ferromagnetic items firom 
exposure to magnetic fields, and thereby reduces the dissipation of en^gy. 
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PREFERRED EMBODIMENT 4 * Distributing current into branches 

Figure 7 illustrates a rail network 700 transferring high-frequency AC power from a 
5 trunk or busbar set of primary conductors 708 to other sets. This type of configuration 
is applicable to conveyer installations where devices such as switching points, lifts, etc 
require substantial amounts of energy and it is convenient to supply this energy from 
the resonant primary conductors. 

10 Power from a principal power source 701 is directed along conducting wires (all 
preferably made of litz wire) 704, 704, mounted adjacent to weight-bearing rails 
705,705. Sets ofraUs 705, 705' are linked tootherrails 715, 715' by a main electrical 
power supply bus or duct 708. This may in fact comprise a set of primary conductor 
modules (as 420 in Fig 4b) with the additional purpose of radiating an alternating 

15 magnetic field. A power control or modulation box 712 is mounted adjacent to rails and 
energises the resonant conductor 71 1, 71 1. Control box 713 may similariy be provided 
between the main supply bus 708 and a conductor 718, 718*. Transformers 719 may 
also be used for power coupling - for isolation purposes (as magnetic breaks) or to step 
a voltage up or down. 

20 

PREFERRED EMBODIMENT 5 - Ancillary coils beside the primary conductors 

Figure 8 illustrates an ancillary signal loop or coil module 803 associated with an 
induction line, having as its primary conductors a pair of litz wire cables 801 and 802, 
25 and a resonating capacitor 804, witii the ancillary coil 803 magnetically coupled to the 
primary conductors. It will be appreciated that the induction line may also have otiier 
capacitors and/or inductors as described in earlier embodiments. 

Ancillary coil module 803 can be used to detect the position of an object, especially one 
30 including a resonant secondary circuit, as it moves along the track. By measuring die 
voltage developed witiiin the coil 803, it is possible to detect when a movable body 
powered via a secondary pick-up coil passes the ancillary coil. When such a vehicle 
overlies the coil, the voltage in the coil will increase. The coil 803 preferably has a 
switch 810, so that the ancillary coil can be switched between a closed circuit state and 
35 an open circuit state. The vehicle can be stopped at this point by closing the switch 
810, to short circuit the coil, and thus withdraw power from the coil providing power to 
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the vebide. It is also possible to modulate closure of the switch 810, so that a generated 
signal can pass fiom the ancillary coil 803 - now a signal coil - to the trolley. Only one 
such sigoal coil is shown in Hgme 8, but such coils can be provided at a number of pre- 
5 detennined intervals or positions along the track. 

PREFERHED EMBODIMENT S - Disabling unoccupied segments 

This embodiment (Fig 9) and that of Fig 10 are intended to minimise the amount of the 
10 alternating magnetic field radiated from the primary conductor into a general area. In 
these examples individual modules of the series making up the primary conductive path 
may be separately and specifically energised by a controller, when a nearby power 
consumer is active. 

15 There are strict safety standards covering magnetic field radiation in many countries, 
which may easily be breached by an installation providing sufBcient power to energise 
a vdiicle having a useful capacity. The solutions of this invention apply particularly to 
automatically guided vehicles (AGVs) receiving their power from primary conductors 
concealed within the floor of a roadway or warehouse, and thus providing magnetic 

20 fields more liable to intersect human flesh than are fields from an overhead conveyer* 
The safety standards would have equal importance for a roadway where inductive 
power transfer is used to power passenger vehicles and the like. Further advantages of 
minimi sing the radiated field include greater efGciency because a smaller area is filled 
with the alternating magnetic field than if an entire track was to be activated all the 

25 time. 

The underlying principle of this solution is to divide the entire route or track into short 
modular segments, each being comparable to or not much greater than the length of a 
typical passenger vehicle or automatically guided vehicle (AGV), and energise each 
30 scfgment only when necessaqr. With any potential vehicle/person interaction there is a 
minimum safe approach distance as set by the risk of collision, particularly in the 
forward diiectioiu A track.segmenimay defined as the sum of a szfety distance plus the 
vehicle length itself. The invention is nevertheless equally applicable if the segment 
distance is set without reference to the above length-determining factors. 

35 

As a further and independent safety provision, localised optical or auditory warnings 
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(such as a meilody, a hom, a buzzer, flashing lights, etc) indicating that the adjacent 
segment of the track has become energised may be used, so that any segment powering 
system is relatively fail-safe. One preferred method is simply to use some of the 

5 circulating energy to run a filament or fluorescent lamp 909 - via a magnetic coupling. 
Over-voltage protection such as by varistors or zener diodes 910 is preferred, in order 
to trap energy transients. An arrangement of buried fluorescent lamps beneath a 
translucent or transparent cover, running among the length of the trackway and 
illuminated when the sunounding segments are energised is a graphical way of warning 

10 personnel of a radiating segment 

Surprisingly it is not impractical to switch a segment of a main resonant loop in or out 
of service by shorting iL Although the typical power in the resonant circuit is perhaps 
50A to 70A @ 600V, de-energised segments may be shorted out so that they are 
15 bypassed and the circulating power in a shorted segment dies away quickly. 

A diagram of this preferred embodiment is shown as Fig 9, where 900 indicates a 
section of an AGV route 901. A series of selectively energisable loops (only two are 
illustrated and one is indicated as 90S) is laid along a track along which vehicles aie to 

20 travel. These vehicles are energised by inductive means using power from a suitable 
power supply 902 fed along a trunk pair of conductors 903. At intervals, one conductor 
(or the other) is interrupted by a branch 904, which feeds the corresponding loop 905 
via series capacitors, 906. A shorting switch 907 is placed at or near the junction of the 
branch with the trunk. This diagram does not show control means to cause operation of 

25 the shorting switch 907; examples of such means are (a) a demand signal from the 
AGV picked up by adjacent sensors, (b) changes in load in the loop 905 as detected by 
means of small test currents passed by the shorting switch 907. The diagram does not 
show means to detect the presence of an AGV and cause segment switching to occur; 
nor does it illustrate safety means to directly indicate energisation of a track segment; 

30 such means may include lamps driven by pickup of current from the loop, or horns, 
buzzers, or other audio warning devices. 

It will be appreciated that a shorting switch approach is suitable for situations in which 
the branches are placed in series with the main conducting loop 903; in that a resonant 
35 current circulates in the entire loop and may be used for the simultaneous powering of 
more than one module or segment. 
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Und^ this system th& lesulting magnetic field may be leinfoiced by ovedayiiig several 
turns of the cable, thus multiplying the alternating magnetic field generated while 
retaining a lower cmrent in the distribution section of the primary conductor. The 
S number of turns used can be varied from segment to segment according to the 
anticq)ated average loading on the passenger vehicle or AGV above each segment, so 
long as the total available power limitations axe borne in mind. 

Magnetic shielding or physical distancing of the distribution sections of the primary 
10 conductor from walkways helps to maintain low magnetic fields in any occupied 
spaces. 

When a shorting switch is opened, aloadpeak transient may b& wpected to occur until 
xesonating cutrent has built up in the newly added branch. On dosuze, litde effect may 
15 be observed in the main conductors, while the resonating current will die away in time. 
The capacitors 906, 906' provide for resonance witiiin the shorted branch 905 alone. 
These transients may be seen at the power supply whenever segments are shorted or 
opened, espedaUy under fault conditions, and suitable protection of the power supply is 
required. 

20 

Preferably the shorting switch i« a device which switches on or off "softly" so that 
resonating currents eitiier build up or decay more slowly. The shorting switch may be a 
bidirectional pair of IGBT devices, a "TRIAC" or some other suitable solid-state 
switch. The gradual build-up or decay of the resonant current is preferably caused by 
25 operating the switch in a mode whereby it is closed for a falling or rising proportion of 
complete cycles respectively, so that zero-crossing switching occurs (to minimise 
transients) iand harmoruc distortion is ininimised 

A preferred operation mode which overcomes a likely transient protection problem and 
30 which also provides a soft start effect is to momentarily switch off the power supply 
feeding the entire track and attached segments a short time before changing segments, 
wait until the resonant current has died away, perform the segment switching 
operations, and then re-energise the main power supply.. laical time delays are of the 
order of a few milliseconds only, 

35 

PREFERRED EMBODIMENT 7 * separate switching power supply for each 
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segment. 

This is illustrated in Fig 10. As for the previous embodiment, the entire route or track 
(1001, lOOr) is conveniendy divided into short segments; each similar in length to the 
length of a vehicle plus an optional safety distance. An example of segment length is 
lOm, though any specific figure is of course an example. Here three (lOOlx, 1002x, 
1003x) of an indefinitely large number of energisable segments are shown. Again, no 
relationship to vehicle length need be imposed. 



Each segment is energised when usage is likely. Preferably a central controller 1050 
detects (and may control) the motion of an AG V or other power consumer along the 
track and enables a corresponding one of the switching controllers 1018, 1028, or 1038 
via a control line 1023 so that the resonant power supply powers the associated 
IS segment. Other segments remain unenergised, with both controller switches (such as 
1016 - 1017) in an open state although resonating currents may be induced within the 
LC circuit by mutual coupling at adjacent coil ends, particularly in die presence of the 
vehicle. Warning systems witfi (for example) lamps like 909 may be provided, as 
described in the previous embodiment. 

20 

Alternatively a series of local controllers replacing controller 1050 may be used in 
conjunction with a single supply bus to locally detect a demand in a particular segment, 
close a switch connected to a bus, and energise the resonant circuit in response. 

2^ Each module, comprising a length of track, a resonant capacitor and a switching power 
supply is connected via a bus cable to a constant-current source (here depicted as a 
constant-voltage battery 1008 and a constant-cunent-providing inductance 1009 having 
relatively high reactance at the operating frequency). An un-illustrated option is to use a 
separate constant-cuirent-providing inductance 1009 to each switching power supply, in 
order to run more than one switching power supply at one time from the DC power 

30 source. 

Each power supply is capable of developing and maintaining a resonant high-frequency 
current widiin the conesponding segment of track. Preferably about five turns of a litz 
wire cable is laid as a coil, elongated along the course taken by the AGV or other 
vehicle. This might be buried as shown in Fig 4d. In use, initiation of a resonant 
current will be aided by an existing resonating current induced either from an adjacent 
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loop or ftom the sepondaiy coil of the AGV. As for the; previous embodiment, the rise 
and decay of resonating cunents are df relatively long duration- seve^ 

J Smprisingly, there are many advantages to providing a separate power supply for each 
module. R:dblems of providing adequate high-frequency resonating power along long 
lengths of track are nunimised, thus reducing the output voltage requirements of any 
power supply. Problems relating to installation are minimised, since in most cases a 
series of pre-packaged and pre-aligned identical tmits may be installed. The use of 
several (e.g. 5) turns of conductor at each segment reduces the peak current 
requirements. The relatively expensive parts of the power system such as the inductor 
1009 need not be replicated - and no^v have a lower current requirement Costs are 
reduced by mass-production of identical units, by simplified installation, and as a lesult 
of replacing the segment switches. System reliability is raised owing to inherent 
redundancy • one large supply is replaced by a number of smaller, lower power 

IS supplies. 

Finally, it will be appredated that various alterations and modifications may be made to 
the foregoing without departing from the scope of this invention as set fonh in the 
following claims. 



25 



30 
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CLAIMS 

.1. A primary inductive pathway for a resonant inductive power distribution 
system, said pathway being comprised of at least two primary conductor 
J modules, each having a resonant frequency compatible with a system resonant 

fiequency, each said primary conductor module having a loop configuration and 
being characterised in that : 

each module comprises at least one conductor capable of connection to 
adjoining conductors within adjacent modules so that a number of modules can 
be joined together to form a longer pathway, said conductor including at least 
one resonating capacitor in series; the loop being comprised of said at least one 
conductor mounted in a parallel, spaced-apart configuration. 



75 2. A primary inductive pathway for a resonant inductive power distribution 
system as claimed in claim 1» characterised in that a single conductor is 
mounted in parallel, spaced-apart configuration and thereby forms a closed, 
elongated loop having two electrical connections. 

3- A primary inductive pathway for a resonant inductive power distribution 
system as claimed in claim 2, characterised in that the loop conductor is 
connected to loop energising means. 

4. A primary inductive pathway for a resonant inductive power distribution 
system as claimed in claim 4, further characterised in that the loop energising 

25 means comprises a controllable discrete power supply capable of converting 

electricity into a high-fcequency resonant current. 

5. A primary inductive pathway for a resonant inductive power distribution 
system as claimed in claim 4, further characterised in fliat the loop energising 
means comprises controllable switching means connected between the two 
electrical connections at the origin of the loop, thereby providing a bypass route 
for high-fiequency resonant current applied to the two electrical connections. 



6. 

35 



A primary inductive pathway for a resonant inductive power distribution 
system as claimed in claim 1, characterised in that two conductors are mounted 
in parallel, spaced-apart configuration and thereby form an open-ended. 
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elongated loop having an electrical connection at each end of each conductor, so 
that a chain of adjoining module? may be joined together in series and energised 
as a whole bjr a resonant power supply. 



7 A primary conductor module for a primary inductive pathway as claimed in 
claim I characterised in that one conductor only is provided with at least one 
selected capacitor. 



10 



20 



8. A primary inductive pathway for a resonant inductive power distribution 
system as claimed in claim 6 characterised in thattesonance-constraining means 
is provided to electrically link spaced-apart nodes of the circuit otherwise 
having similar phase and amplitude so that the tied-together nodes are heldmore 

J5 closely to the same phase and amplitude. 

9. A primary inductive pafliway for a resonant inductive power distribution 
system as claimed in claim & characterised in that the resonance-constraining 
mean$ comprises a zero-inductance cable» itself comprising at least two groups^ 
each electrically connected in parallel, of one or more parallel conductors 
insulated from one another and closely spaced so that the magnetic fields 
produced by currents within any one group tend to be opposed by magnetic 
fields produced by currents flowing in the opposite sense within the other group. 

10. A primary inductive pathway for a resonant inductive power distribution 
25 system as claimed in claim 9 characterised in that the zero-inductance cable 

links capacitors ia adjacent modules. 

11. A primary inductive pathway for a resonant inductive power distribution 
system as claimed in claim 10 characterised in that the zero-inductance cable 
links capacitors in non-adjacent modules. 



12, A primary inductive pathway for a resonant inductive power distribution 
system as claimed in claim 2 or claim 6 characterised in that each said loop has 
associated warning means powered direcdy or indirecfly ftom current flowing 
35 within the loop in onfcr to indicate when the loop is en^gised 
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13. A primary inductive pathway as claimed in claim 1, characterised in that each 
resonant power supply comprises a switching power supply, two switching 
devices, a controller and a centre tapped inductor, said centre tapped inductor 

J being supplied by a constant-current source. 

14. A primary conductive pathway as claimed in claim 13, characterised in that 
there is means capable of switching each power supply on or off in response to a 
demand signaL 

15. A primary conductor as claimed in claim 14 characterised in that each said loop 
has warning means powered thereby in order to indicate when the primary loop 
is energised. 

16. A primary conductive pathway as claimed in claim 1, characterised in that each 
75 said resonant loop is connected to a respective branch line, said branch line 

being connected to a main trunk line, and wherein there is means for shorting 
and bypassing said respective branch line to de-energise said resonant loop. 



20 



17. A primary conductive pathway as claimed in claim 16, characterised in that 
there is control means capable of interrupting the main power supply to the 
trunk line for a predetermined period of time, and changing the state of one or 
more of the shorting switches during this period of time to restrict the energised 
portions of the conductive pathway. 

18. A primary conductor as clauned in claim 1, having feixo-magnetic elements 
25 exposed to magnetic fields on or about flie substrate, characterised in tiiat said 

ferro-magnetic elements are shielded by a conductive sheath. 

19. A primary conductor pathway for a resonant inductive power distribution 
system, characterised in that said pathway having the magnetic field of two 
substantially parallel bundles of conductors, said patiiway being comprised of a 
series of modules. 



35 
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